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Introduction {#sec1}
============

Worldwide, over 2 million women were diagnosed with breast cancer in 2018, and over 600,000 died of breast cancer ([@bib7]). In the United States, an estimated 266,000 women were diagnosed and approximately 40,000 women died from breast cancer in 2018 ([@bib68]). Estrogen receptor-α (ER)-positive breast cancer subtype constitutes the majority of breast cancers. ER plays an important role in classifying breast cancer, in defining proliferative characteristics, and in developing a treatment regimen ([@bib4], [@bib48], [@bib57], [@bib65]).

ER is a ligand-dependent transcription factor that is predominantly activated by estrogens. ER-positive breast cancers that are dependent on ER for growth are treated with ER antagonists or inhibitors of estradiol-synthesizing enzyme, aromatase (AI) ([@bib25], [@bib63], [@bib76]). Compared with ER-negative or triple-negative breast cancer (TNBC), ER-positive breast cancers typically have a lower proliferation index and a well-differentiated phenotype ([@bib31], [@bib52], [@bib57], [@bib70]). Women suffering from ER-positive breast cancers suffer from osteoporosis, muscle wasting, and poor quality of life, resulting from extended ER blockade.

Prolonged treatment of cancers with inhibitors or antagonists results in mutations in the target protein and activation of resistance pathways ([@bib5], [@bib30], [@bib66]). For example, continued treatment of ER-positive breast cancers with ER antagonists or AI results in resistance, often due to mutations in the ER ligand-binding domain (LBD) ([@bib26], [@bib39], [@bib48], [@bib64]). Clinical studies have estimated that over 30% of breast cancers treated with tamoxifen become refractory and recur as a resistant cancer and over 40% of recurrent breast cancers express mutated ER ([@bib11], [@bib24], [@bib46]). Mutant ERs that have escaped the hormonal axis and have become hormone independent fail to respond to endocrine therapy, and, consequently, these patients will need to be treated with cell cycle inhibitors such as CDK4/6 inhibitors or cytotoxic agents. Such cancers require new non- or less-toxic effective endocrine therapies.

Androgen receptor (AR) is expressed in over 80%--90% of ER-positive breast cancer ([@bib14], [@bib27], [@bib34], [@bib51], [@bib53]). Until ER-targeted treatment options were made available, breast cancer was treated with steroidal androgens such as dihydrotestosterone (DHT) ([@bib1], [@bib44]) or even with estrogens such as diethylstilbestrol (DES) ([@bib28]). AR expression in ER-positive breast cancer is associated with improved overall survival (OS) and disease-free survival (DFS) ([@bib75]). Studies have shown that co-expression of AR and steroidogenic enzymes such as 5-α-reductase that synthesize active DHT correlated with better progression-free survival (PFS) and OS ([@bib71]). Other evidences suggest that the AR may increase breast cancer growth or even have a role in the development of tamoxifen resistance ([@bib6], [@bib8], [@bib12], [@bib20], [@bib21], [@bib37], [@bib45]).

Recent preclinical and clinical studies indicate that AR could be a growth promoter in tamoxifen-resistant breast cancer, but a growth inhibitor in tamoxifen-sensitive breast cancer. Although AR antagonist enzalutamide increased proliferation of parental breast cancer cell line MCF-7, it inhibited proliferation of tamoxifen-resistant MCF-7 cells ([@bib16]). Similarly, tamoxifen-resistant clinical specimens that had higher AR:ER ratio had aggressive disease and poor prognosis ([@bib9]). On the contrary, AR-positive ER-positive breast cancer had smaller tumors, better prognosis, lower tumor grade, and better disease-free survival after chemotherapy ([@bib2], [@bib78]). Preclinical studies in parental MCF-7 and ZR-75-1 cells demonstrated antiproliferative effects with AR agonists ([@bib38], [@bib62]). These conflicting evidences from literature can be comprehensively resolved using translational patient-derived tissues and controlled clinical trials.

In this study, we found that proliferation and growth of patient-derived xenografts (PDX) and tissues that express wild-type and mutant ER were inhibited by AR agonist and tissue-selective AR modulator (SARM) ([@bib19]) but not by an AR antagonist. Ligand-activated AR inhibited growth of these tumors by reprogramming the ER and FOXA1 cistrome and by altering the phosphokinome signature, resulting in inhibition of ER function. Overall, the results provide an evidence for a tumor suppressive role for ligand-activated AR and create an opportunity to treat ER-positive breast cancer with a less-toxic hormonal approach.

Results {#sec2}
=======

The SARM enobosarm (GTx-024 or ostarine) is an AR agonist that binds to and activates the AR with EC~50~ at less than 10 nM ([@bib49], [@bib61]). Enobosarm was evaluated in clinical trials and was shown to increase lean mass and physical function without having significant virilizing side effects ([@bib15], [@bib18], [@bib23]). Preclinical studies described in this manuscript were conducted with a non-metabolizable SARM to eliminate any confounding results obtained due to potential metabolism of steroidal androgens into weaker androgen or estrogen metabolites ([@bib36], [@bib54]). Moreover, clinical trials have shown enobosarm to be an effective treatment for breast cancer ([@bib33], [@bib55]).

SARM Inhibits Breast Cancer Cell Proliferation {#sec2.1}
----------------------------------------------

To determine the role of AR in breast cancer, we analyzed the TCGA dataset for survival of breast cancer patients expressing higher vs lower AR ([Figure 1](#fig1){ref-type="fig"}A). Kaplan-Meier plot of the TCGA dataset demonstrated that breast cancer patients expressing higher AR correlated with longer survival than patients with breast cancer expressing lower AR (hazard ratio of 0.52 and log rank P of 1.1 e−10). This suggests that AR expression might have a beneficial role in breast cancer. Further analysis of the dataset suggested that patients with luminal A and B breast cancers expressing higher AR had a significantly improved survival, whereas ER-negative breast cancer patients had no significant survival benefit.Figure 1AR Agonist Inhibits Proliferation and Growth of Wild-Type and Mutant ER-positive Xenograts(A) Higher AR expression correlates with patient survival. Patients who have high or low expression of AR in the TCGA dataset were compared for survival. Hazard ratio = 0.52 (0.44--0.61). Log rank P = 1.1 × 10^−16^.(B) Enobosarm inhibits the proliferation of ZR-75-1 cells. ZR-75-1 breast cancer cells plated in growth medium (n = 4/treatment) were treated with indicated doses of enobosarm for 12 days, with medium changed and re-treated every third day. After 12 days of treatment, cells were harvested, and the number of cells was counted.(C) Enobosarm inhibits HCI-7 tumor growth. HCI-7 PDX was surgically implanted as 1 mm^3^ fragments under the mammary fat pad in NSG female mice (n = 6-10/group) that were ovariectomized and supplemented with estradiol. Once the tumors reached 100--200 mm^3^, the mice were randomized and treated with vehicle (DMSO:PEG-300 (15%:85%)), enobosarm (10 mpk p.o.), or enzalutamide (30 mpk p.o.). Tumor volume was measured weekly. At sacrifice, tumors were removed, weighed (right panel), and stored for further analysis.(D) Enobosarm inhibits growth of HCI-13 PDX. HCI-13 PDX was surgically implanted as 1 mm^3^ fragments under the mammary fat pad in intact female NSG mice (n = 6-10/group). Once the tumors reached 100--200 mm^3^, the mice were randomized and treated with vehicle (DMSO:PEG-300 (15%:85%)) or enobosarm (10 mpk p.o.). Tumor volume was measured weekly. At sacrifice, tumors were removed, weighed (middle panel), and stored for further analysis. Tumors that were stored in formalin were further processed and immunohistochemistry was performed for the proliferation marker Ki-67 (right panel).(E) AR agonist DHT inhibits growth of *HCI-13 PDX*. HCI-13 PDX was performed as indicated above. The mice were randomized and treated with vehicle (DMSO:PEG-300 (15%:85%)), DHT (10 mpk s.c.), or enzalutamide (30 mpk p.o.), or fulvestrant (200 mpk s.c. twice weekly). Tumor volume was measured twice weekly. At sacrifice, tumors were removed, weighed (middle panel), and stored for further analysis. Ki-67 was performed in formalin-fixed paraffin-embedded tumors (right panel).\* = p \< 0.05; \*\* = p \< 0.01; \*\*\* = p \< 0.001. HCI, Huntsman Cancer Institute; AR, androgen receptor; ER, estrogen receptor; NSG, NOD SCID Gamma; PDX, patient-derived xenograft; OVX, ovariectomy; mpk, milligram per kilogram body weight; DHT, dihydrotestosterone.

We conducted studies using various preclinical and translational models to understand the role of AR and its mechanism of action in ER-positive breast cancer. Proliferation of ZR-75-1 cells that express AR and ER was reduced dose-dependently by the AR agonist enobosarm after twelve days of treatment, providing an evidence for anti-proliferative effects of an AR agonist in ER-positive breast cancer ([Figure 1](#fig1){ref-type="fig"}B).

Enobosarm Inhibits Wild-Type ER-positive Breast Cancer PDX Growth {#sec2.2}
-----------------------------------------------------------------

Enobosarm was tested in a PDX expressing wild-type ER. From the numerous PDXs available in Dr. Alana Welm\'s laboratory ([@bib22]), we identified two ER-positive AR-positive PDXs, HCI-7 and HCI-13 ([Table S1](#mmc1){ref-type="supplementary-material"}; [Figure S1](#mmc1){ref-type="supplementary-material"} top blot; HCI-9 is an ER-negative AR-positive PDX). HCI-7 tumor fragments were implanted under the mammary fat pad of female NSG mice that were ovariectomized and supplemented with an estradiol pellet. Once the tumors reached 100--200 mm^3^, the mice were randomized and treated orally with vehicle, 10 mg/kg enobosarm, or 30 mg/kg enzalutamide. The enzalutamide dose was selected based on previously published data ([@bib13], [@bib17], [@bib56], [@bib58]). The growth and tumor weight (measured at the conclusion of the study) of HCI-7 were inhibited significantly by enobosarm but not by enzalutamide ([Figure 1](#fig1){ref-type="fig"}C). Immunohistochemistry staining of the HCI-7 tumors confirmed ER and AR expression and also significant inhibition of proliferation marker Ki-67 in enobosarm-treated tumors ([Figure S1](#mmc1){ref-type="supplementary-material"}).

One characteristic of AR agonists, but not antagonists, is their ability to stabilize AR protein expression ([@bib43], [@bib81]). We used AR expression to ensure that enobosarm behaved as an agonist in our PDXs. Results show that AR was stabilized by enobosarm in HCI-7 tumors, indicating that the tumors were exposed to enobosarm and that enobosarm behaved as an agonist ([Figure S1](#mmc1){ref-type="supplementary-material"}).

As the presence of integral murine-stromal cellular infiltration is an issue in PDXs that have undergone passages in immunodeficient mouse strains, we chose Ku80 as a marker for human epithelial cells and H&E evaluation as an approach to quantifying murine stromal content and human epithelial cells ([@bib3], [@bib47], [@bib67], [@bib72]). These stains clearly enable us to differentiate between the epithelial and stromal cells and will provide us with the percentage of different cell types present in the PDXs. Ku80 and H&E staining showed that the tumors have predominantly epithelial cells with minimal mouse stromal infiltration in a ratio of around 91:9% of epithelial:stromal cells ([Figure S1](#mmc1){ref-type="supplementary-material"}).

AR Agonist Inhibits Growth of Mutant ER-positive PDX {#sec2.3}
----------------------------------------------------

We discovered by internal sequencing as well as from literature that HCI-13 (an invasive lobular breast cancer) PDX expresses an ER that is mutated in the LBD at Y537 ([@bib69]). This mutation frequently occurs in ER-positive breast cancers that have been treated with ER antagonists or aromatase inhibitors ([@bib35], [@bib74]). HCI-13 was obtained from a patient who was treated with and relapsed from drugs ranging from ER-targeted therapeutics to chemotherapy ([Table S1](#mmc1){ref-type="supplementary-material"}).

To determine if an AR agonist will have the ability to inhibit growth of a mutant ER-positive breast cancer, HCI-13 tumor fragments were implanted under the mammary fat pad in NSG mice. Once the tumors attained 100--200 mm^3^, the animals were randomized and treated with vehicle or enobosarm. Enobosarm significantly inhibited growth ([Figure 1](#fig1){ref-type="fig"}D left), tumor weights ([Figure 1](#fig1){ref-type="fig"}D middle), and Ki-67 ([Figure 1](#fig1){ref-type="fig"}D right).

We conducted additional xenograft studies with HCI-13 tumors where the animals were treated with steroidal androgen, DHT (10 mg/kg/day subcutaneously), competitive AR antagonist, enzalutamide (30 mg/kg/day orally), and the ER degrader, fulvestrant (200 mg/kg/twice weekly subcutaneously) ([@bib29]). Consistent with the effect of a SARM, DHT significantly inhibited tumor growth, whereas the AR antagonist enzalutamide failed to inhibit tumors ([Figure 1](#fig1){ref-type="fig"}E left). Fulvestrant also inhibited tumor growth significantly. Tumor weights recorded at the end of the study, and Ki67 confirmed the results observed in tumor growth ([Figure 1](#fig1){ref-type="fig"}E middle and right).

We measured drug concentration in the serum of animals treated with various drugs using standardized LC-MS/MS methods. Steady-state drug concentrations were above their target engagement concentration, suggesting that drug exposure was not a limiting factor in HCI-13 tumor-bearing animals ([Figure S2](#mmc1){ref-type="supplementary-material"}A).

H&E and Ku80 staining indicated that the HCI-13 tumors have tumor epithelial cells with limited mouse stromal cell infiltration (84:16) ([Figure S2](#mmc1){ref-type="supplementary-material"}B). For all tumors (HCI-7 and 13), morphology observed via H&E was within the range typical of breast carcinoma.

Ex Vivo Culture with Tumor Specimens Indicates Heterogeneity of Response to ER and AR Ligands {#sec2.4}
---------------------------------------------------------------------------------------------

Breast cancer is heterogeneous in its genomic profile as well as in its response to treatments. To determine the effect of enobosarm and fulvestrant on growth inhibition, we cultured breast cancer specimens obtained from patients, on dental sponges. These patient specimens were collected as indicated in the methods under an Institutional Review Board (IRB) approval. The characteristics of these patient specimens are provided in [Table S1](#mmc1){ref-type="supplementary-material"}. Specimens were treated with vehicle, 1 μM enobosarm, or 100 nM fulvestrant. Three days after treatment, RNA was isolated from the tissues and expression of ER- and AR-target genes was measured ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Expression of ER and AR was confirmed using immunohistochemistry. All the specimens, except specimen 1,075, express the two targets with greater than 80% expression observed ([Figure S3](#mmc1){ref-type="supplementary-material"}). Fulvestrant inhibited the ER function as measured by the expression of pS2 in five of eight specimens, whereas enobosarm inhibited the ER function in three of eight specimens ([Figure S2](#mmc1){ref-type="supplementary-material"}C). FKBP5, an AR-target gene, was used to ensure that the AR in these tumors was functional.

Enobosarm Inhibits HCI-13 Breast Cancer Growth by Inhibiting ER Function {#sec2.5}
------------------------------------------------------------------------

To determine global gene-expression pattern in response to enobosarm, RNA from HCI-13 tumors was subjected to Affymetrix microarray. In total, 3,029 genes were differentially regulated by enobosarm in HCI-13 tumors compared with vehicle-treated tumors. Enobosarm upregulated 1,792 genes and downregulated 1,237 genes. Heatmap of the differentially regulated genes clearly indicates a shift in the expression pattern of genes due to enobosarm treatment ([Figure 2](#fig2){ref-type="fig"}A).Figure 2Gene Expression Study in HCI-13 PDX Indicates Inhibition of ER Pathway by an AR Agonist(A--C) RNA was isolated from HCI-13 PDX xenografts treated with vehicle or enobosarm ([Figure 1](#fig1){ref-type="fig"}D) and microarray was performed (n = 3-4/group). Genes that were different in enobosarm-treated group (q \< 0.05) are represented in the heatmap (A). Representative ER- and AR-target genes and the most up- and down-regulated genes are shown in panel (B). Canonical pathway, upstream regulators, and diseases represented by the enriched genes obtained from Ingenuity Pathway Analysis (IPA) are shown in panel (C).(D) Genes enriched in the AR pathway were fed into TCGA database and Kaplan-Meier survival plots were created. \* = q \< 0.05. ER, estrogen receptor; AR, androgen receptor; PDX, patient-derived xenograft.

Ingenuity pathway analysis (IPA) showed that the ER-target genes were highly enriched followed by the AR-target genes in enobosarm-treated specimens (p values of 6.66^−11^ vs 2.83^−7^; [Figure 2](#fig2){ref-type="fig"}C). A subset of the ER-target genes was down-regulated by enobosarm, whereas all the AR-target genes were up-regulated ([Figure 2](#fig2){ref-type="fig"}B). Although ER-target genes such as *TFF1*, *PGR*, *GREB1*, and *NRIP1* were down-regulated by enobosarm, other ER-target genes such as *CTSD* and *CCND1* were not inhibited by enobosarm. These results provide evidence that enobosarm functions in breast cancer by at least partially inhibiting the ER-signaling pathway to reduce cancer growth.

The genes enriched for the AR pathway were fed into TCGA database to determine the consequence of altering the AR pathway by an AR agonist. AR pathway genes correlated with a significant increase in survival of breast cancer patients (hazard ratio of 0.64 and log rank P of 1.1 × 10^−8^) ([Figure 2](#fig2){ref-type="fig"}D).

To ensure that enobosarm is not an ER antagonist and the effects are mediated through AR, an ER competitive ligand binding assay ([Figure S4](#mmc1){ref-type="supplementary-material"}A) and an ER transactivation assay ([Figure S4](#mmc1){ref-type="supplementary-material"}B) were performed. Both results indicate that enobosarm has no direct interaction with ER, which is in concordance with earlier published results ([@bib79]).

Chromatin Immunoprecipitation-Sequencing (ChIP-Seq) Analysis Demonstrates that Enobosarm Reprograms ER and AR Cistromes {#sec2.6}
-----------------------------------------------------------------------------------------------------------------------

To determine if the effect of enobosarm on ER function is due to any direct effect on ER binding to DNA, ChIP-sequencing for ER was performed in the tumor samples obtained from animals shown in [Figure 1](#fig1){ref-type="fig"}D. ER binding to 1,148 regions (q \< 0.05) on the DNA was reprogrammed by enobosarm, with 572 regions statistically enriched with ER and 576 regions depleted of ER ([Figure 3](#fig3){ref-type="fig"}A), whereas Principal component analysis (PCA) ([Figure 3](#fig3){ref-type="fig"}B) and unsupervised hierarchical clustering ([Figure 3](#fig3){ref-type="fig"}D) show the distinct distribution of individual samples, an indication that enobosarm modified the DNA-binding pattern of ER in HCI-13. The motifs that were enriched by the ER represent androgen response element (ARE) and FOXA1 response elements (FOXA1RE), whereas the regions that were depleted of ER represent estrogen response element (ERE) and FOXA1RE ([Figure 3](#fig3){ref-type="fig"}A right). Although the DNA regions depleted of ER by enobosarm favor the inhibition of the ER-target gene expression pattern, the enrichment of ER at AREs is surprising and has not been previously reported. [Figure S5](#mmc1){ref-type="supplementary-material"} shows representative regions enriched by and depleted of ER. [Figure S6](#mmc1){ref-type="supplementary-material"}A shows the heatmap of individual tumor specimens. Variability between individual samples can be attributed to the inherent variability between xenograft specimens. Repeating the studies in a cell line model under controlled conditions might provide a robust redistribution outcome.Figure 3ChIP-sequencing Shows Reprogramming of ER Binding after Enobosarm Treatment(A) Chromatin immunoprecipitation (ChIP) assay was performed for ER in tumors treated with vehicle (n = 4) or 10 mg/kg/day enobosarm (n = 3) (tumors from animals shown in [Figure 1](#fig1){ref-type="fig"}D). Next-generation sequencing was performed to determine the genome-wide binding of ER to the DNA. Heatmap of significantly different peaks (q \< 0.05) is shown as average of the individual tumor samples. The top enriched motifs are shown to the right of the heatmap.(B) Principal Component Analysis (PCA) plot of vehicle- and enobosarm-treated samples that corresponds to ER-ChIP peaks is shown.(C) Pie charts showing the distribution of ER enrichment in enobosarm-treated HCI-13 samples.(D) Unsupervised hierarchical clustering.(E) ChIP assay was performed with ER antibody in HCI-13 specimens treated with vehicle or enobosarm and, real-time PCR was performed with the primers and TaqMan probe to the specified regions. AR, androgen receptor; ER, estrogen receptor; ChIP, chromatin immunoprecipitation; ARE, androgen response elements; ERE, estrogen response element; FOXA1RE, Forkhead box A1 response element.

Between 50% and 60% of the ER-enriched and depleted sites were mapped to distal regulatory regions, whereas only around 2%--3% of the sites were mapped to promoter regions ([Figure 3](#fig3){ref-type="fig"}C). Interestingly, although the intron and exon binding percentage match with previous reports, the proportion of ER bound to promoters and distal regulatory elements are distinct from that observed in response to estrogens or with a constitutively active ER ([@bib35]). Other studies have indicated that the ER cistrome comprises about 30%--40% distal regulatory regions and 7%--22% proximal promoter regions, whereas AR-regulated ER cistrome in this study comprises of 50%--60% and 2%--3% of these regions, respectively. ER binding to pS2 ERE, PSA (KLK3) promoter ARE, and PSA enhancer ARE was validated by ChIP real-time PCR ([Figure 3](#fig3){ref-type="fig"}E).

It was interesting to observe that an AR agonist such as enobosarm reprogrammed ER cistrome by depleting EREs of ER and enriching the AREs with ER. It is important to recognize that as enobosarm neither binds to ER nor alters ER activity ([@bib42], [@bib50]); its effect on ER cistrome is mediated by activating AR. It is likely that ER is following AR or FOXA1 toward the respective response elements. We performed ChIP-Seq for AR in HCI-13 PDX treated with vehicle (n = 4) or enobosarm (n = 3). Enobosarm significantly enriched 5,156 sites, and no binding was observed in the absence of enobosarm ([Figure 4](#fig4){ref-type="fig"}A). As expected, the individual samples were distinctly positioned in the PCA plot ([Figure 4](#fig4){ref-type="fig"}B), and the motifs enriched by AR represent AREs and FOXA1RE ([Figure 4](#fig4){ref-type="fig"}A right). [Figure S6](#mmc1){ref-type="supplementary-material"}B shows the heatmap of individual tumor specimens. The unsupervised hierarchical clustering shown in [Figure 4](#fig4){ref-type="fig"}C distinctly clustered the vehicle- and the enobosarm-treated samples.Figure 4ChIP-sequencing Shows Rearrangement Binding of AR after Enobosarm Treatment(A) Chromatin immunoprecipitation (ChIP) assay was performed for AR in tumors treated with vehicle (n = 4) or 10 mg/kg/day enobosarm (n = 3) (tumors from animals shown in [Figure 1](#fig1){ref-type="fig"}D). Next-generation sequencing was performed to determine the genome-wide binding of AR to the DNA. Heatmap of significantly different peaks (q \< 0.05) is shown as average of the individual tumor samples. The top enriched and depleted motifs are shown to the right of the heatmap.(B) Principal Component Analysis (PCA) plot of vehicle- and enobosarm-treated samples that corresponds to AR-ChIP peaks is shown.(C) Unsupervised hierarchical clustering.(D) Pie charts showing the distribution of AR enrichment in enobosarm-treated HCI-13 samples.(E) AR and ER co-occupied sites represented as Venn diagram. AR, androgen receptor; ChIP, chromatin immunoprecipitation; ARE, androgen response elements; FOXA1RE, Forkhead box A1 response element.

Mapping the genomic regions bound by AR in HCI-13 indicates that genomic distribution is consistent with that of previously mapped region in LNCaP prostate cancer cells ([Figure 4](#fig4){ref-type="fig"}D) ([@bib73]). We determined the overlap between ER and AR at statistically enriched sites to be 385 sites, which represent a remarkable 67% of the gained ER sites. AR alone occupies 4,777 out of 5,156 enriched sites, whereas ER alone occupies only 188 out of 572 ER-enriched sites ([Figure 4](#fig4){ref-type="fig"}E). This shows that new ER binding in the presence of an AR agonist is highly dependent on the AR occupancy. This warrants further exploration of a potential association between the two proteins on the ARE.

To determine if the AR cistrome in HCI-13 (where an agonist was growth inhibitory) in response to an agonist overlaps with AR cistrome in different models, a database search was performed. Most, if not all, of the AR cistromes found in the database search were identified in prostate cancer models. [Table S3](#mmc3){ref-type="supplementary-material"} shows a significant overlap between AR cistrome in HCI-13 and the AR cistromes in the database (TArbs = Tumor AR-binding sites ([@bib59])).

Enobosarm Reprograms the FOXA1 Cistrome {#sec2.7}
---------------------------------------

It is interesting to observe that FOXA1RE motifs are represented in both enriched and depleted ER cistrome in response to enobosarm. Enrichment of FOXA1RE in the AR cistrome is not surprising, as previous studies have shown that the ligand-activated ER and AR bind to cis elements with FOXA1 binding adjacent to the ER and AR ([@bib10], [@bib80]). Previous studies have also shown that FOXA1 binding is required for ER and AR to interact with the DNA at many genomic loci and that knockdown of FOXA1 reduces the association of ER and AR with chromatin ([@bib10], [@bib80]). These results suggest that FOXA1 binding to DNA is an important event required for the AR and ER to function as transcription factors. Considering that FOXA1 is a critical pioneering transcription factor, we evaluated its interaction with DNA in the presence of vehicle and enobosarm treatment in HCI-13 PDX. Although FOXA1 is enriched in 4,946 DNA regions, it is depleted in 840 regions with a total of 5,786 DNA regions statistically altered in enobosarm-treated samples compared with the vehicle-treated samples ([Figure 5](#fig5){ref-type="fig"}A). [Figure S6](#mmc1){ref-type="supplementary-material"}C shows the heatmap of individual tumor specimens. The PCA plot and hierarchical clustering distinctly segregates the samples belonging to the individual groups, suggesting that enobosarm clearly modifies FOXA1-chromatin interaction ([Figures 5](#fig5){ref-type="fig"}B and 5C). Enriched FOXA1 cistrome motifs represent ARE and FOXA1RE, whereas the depleted cistrome motifs represent ERE and FOXA1RE ([Figure 5](#fig5){ref-type="fig"}A right). This is consistent with the ER and AR ChIP-seq results. FOXA1 genomic binding regions are similar to that of ER and AR DNA binding regions and are consistent with earlier publications ([Figure 5](#fig5){ref-type="fig"}D). Out of the 4,946 gained FOXA1 sites, 2007 (40.6%) overlap with the gained AR-binding sites ([Figure 5](#fig5){ref-type="fig"}E). These results suggest a significant overlap between the gained AR and FOXA1 binding. Representative peaks for AR and FOXA1 are presented in [Figure S7](#mmc1){ref-type="supplementary-material"}. Strikingly, out of the 840 sites with reduced FOXA1 binding, 474 overlap with lost ER-binding sites (83% of total ER sites and 56% of total FOX sites) ([Figure 5](#fig5){ref-type="fig"}E).Figure 5ChIP-sequencing Shows Reprogramming of FOXA1 Binding to the DNA after Enobosarm Treatment(A) ChIP assay was performed for FOXA1 in tumors treated with vehicle (n = 4) or 10 mg/kg/day enobosarm (n = 4) (tumors from animals shown in [Figure 1](#fig1){ref-type="fig"}D). Next-generation sequencing was performed to determine the genome-wide binding of FOXA1 to the DNA. Heatmap of significantly different peaks (q \< 0.05) is shown as average of the individual tumor samples. The top enriched and depleted motifs are shown to the right of the heatmap.(B) Principal Component Analysis (PCA) plot of vehicle- and enobosarm-treated samples that corresponds to FOXA1-ChIP peaks is shown.(C) Unsupervised hierarchical clustering.(D) Pie charts showing the distribution of FOXA1 enrichment in enobosarm-treated HCI-13 samples.(E) AR and FOXA1 and ER and FOXA1 co-occupied sites represented as Venn diagram. FOXA1, Forkhear box A1; ChIP, chromatin immunoprecipitation; ARE, androgen response elements; GRE, glucocorticoid response elements; FOXA1RE, Forkhead box A1 response element.

The above results were replotted to address whether the AR and FOXA1 were occupied or depleted from the ER-enriched or depleted sites in the presence of enobosarm ([Figure S8](#mmc1){ref-type="supplementary-material"}A). Interestingly, ER enrichment is matched by the AR and FOXA1 enrichment, suggesting that all three transcription factors occupy the same sites. Similar to the enriched sites, ER-depleted sites were also depleted of FOXA1 binding ([Figure S8](#mmc1){ref-type="supplementary-material"}A).

AR Agonist Inhibits ER-target Gene and ER-DNA Binding in HCI-7 Xenografts {#sec2.8}
-------------------------------------------------------------------------

Considering the impact on ER function observed in the presence of an AR agonist in ER-positive breast cancer PDX HCI-13, we performed experiments to confirm the gene expression and DNA occupancy results in a different ER-positive breast cancer model. RNA from HCI-7 tumors shown in [Figure 1](#fig1){ref-type="fig"}C was isolated and expression of ER and AR-target genes was measured by real-time PCR. Consistent with the HCI-13 PDX results, enobosarm increased the expression of AR-target gene *FKBP5* and significantly reduced the expression of ER-target genes *TFF1 (pS2)* and *PGR (PR)* ([Figure 6](#fig6){ref-type="fig"}A).Figure 6Enobosarm Effects on Gene Expression and ER Recruitment Are Reproducible in Different Models(A) Enobosarm activates AR-target genes and inhibits ER-target genes in HCI-7 xenografts. RNA was extracted from vehicle- or enobosarm-treated HCI-7 tumor tissues (n = 4/group), and expression of the indicated genes was measured by real-time PCR.(B) Enobosarm inhibits ER recruitment to pS2 promoter in HCI-7 tumors. HCI-7 tumors that were treated with vehicle or enobosarm (n = 3/group) were snap-frozen at the time of collection. Tumors were formalin fixed, homogenized, and ER immunoprecipitated with an ER antibody. Real-time PCR was performed for the pS2 promoter EREs. \*p \< 0.05.

We further evaluated the DNA binding efficiency of ER in the presence of enobosarm in HCI-7 PDX tumor samples by ChIP-real time PCR ([Figure 6](#fig6){ref-type="fig"}B). ER occupancy on the *pS2* promoter in HCI-7 PDX was inhibited by enobosarm ([Figure 6](#fig6){ref-type="fig"}B). These results are consistent with the results observed in HCI-13 and suggest that these results are not model dependent.

Enobosarm Has No Effect on an AR-positive ER-negative Breast Cancer PDX {#sec2.9}
-----------------------------------------------------------------------

The results in ER-positive models indicate that the tumor suppressive function of AR is through indirect ER-inhibitory properties. If this is true, AR agonists should have no effect on ER-negative breast cancers. AR-positive ER-negative breast cancer HCI-9 tumor fragments were implanted under the mammary fat pad of NSG mice. Once the tumors grew to 100--200 mm^3^, the animals were randomized and treated orally with vehicle or enobosarm. Enobosarm did not alter the tumor growth, indicating that the AR agonist was not effective in HCI-9 PDX that does not express ER ([Figure 7](#fig7){ref-type="fig"}A). This result was confirmed with another AR-positive TNBC PDX (data not shown). Enobosarm treatment increased the AR protein expression, indicating that it functioned as an agonist in this tumor model and the drug was delivered to the tumors ([Figure 7](#fig7){ref-type="fig"}B). The results of immunohistochemistry indicate that the tumors have minimal mouse stromal cells and the tumors predominantly comprised of epithelial cells with a ratio of 86:14% epithelial: stromal cells ([Figures 7](#fig7){ref-type="fig"}C and 7D). Also, enobosarm had no effect on Ki-67 levels in the tumors. To ensure that the AR is functional, we extracted RNA from the tumors and performed real-time PCR for AR-target genes. Enobosarm significantly increased the expression of all AR-target genes that were measured, indicating that the AR is functional and responds to an AR agonist ([Figure 7](#fig7){ref-type="fig"}E). Finally, we performed preliminary ChIP-Seq with vehicle- and enobosarm-treated HCI-9 tumors to determine if the sites occupied by AR in HCI-13 are also occupied by AR in HCI-9 ([Figure S8](#mmc1){ref-type="supplementary-material"}B). Although the HCI-9 ChIP-Seq was not performed in replicates, the preliminary results show the overlapping AR cistrome in ER-negative and -positive breast cancers.Figure 7Enobosarm Does Not Inhibit Growth of an ER-negative AR-positive HCI-9 PDX(A) AR-positive, but ER-negative, HCI-9 PDX was surgically implanted as 1 mm^3^ fragments under the mammary fat pad in intact NSG mice (n = 8--10/group). Once the tumors reached 100--200 mm^3^, the mice were randomized and treated with vehicle (DMSO:PEG-300 (15%:85%)) or enobosarm (10 mpk p.o.). Tumor volume was measured thrice weekly.(B) AR Western blot was performed from the tumor specimens shown on the left. Densitometric quantification of the bands is provided at the bottom of the blot.(C) HCI-9 tumors were formalin-fixed and immunostained with the indicated antibodies. Representative images of n = 4--5/group/stain are shown. Ki-67 staining was quantified and represented as bar graph (n = 5/group). Scale is provided in one of the images (50 μm).(D) Table showing the percent of stromal and epithelial cells in the xenografts.(E) Enobosarm increases AR-target genes. HCI-9 tumor fragments from vehicle- or enobosarm-treated samples (n = 4/group) were homogenized and RNA isolated. Expression of AR-target genes was measured by real-time PCR and normalized to GAPDH expression. Data are represented as fold change from vehicle-treated samples.

Collectively, these results suggest that the AR mediates its anti-proliferative effects by indirectly inhibiting the growth promoting function of ER.

Co-localization of AR and ER in Luminal B Breast Cancer Cells {#sec2.10}
-------------------------------------------------------------

In order to determine the nuclear reactivity of AR and ER and potential co-localization in breast cancer specimens, immunohistochemistry was performed in several luminal B breast cancer specimens. Because this subtype is the faster growing of the two luminal types, luminal B subtype was chosen over luminal A. Relatively abundant nuclear immunoreactivity of both AR and ER was detected in all the breast cancer cases examined in this study ([Figure S9](#mmc1){ref-type="supplementary-material"} representative images). In addition, several cases examined had moderate levels of cytoplasmic immunoreactivity for both markers. As levels of immunoreactivity of both markers exceeded 60% in all the cases examined, a relatively high percentage of carcinoma cells were immunohistochemically positive for both ER and AR. The patterns of immunolocalization were also similar between these two markers above. Overall, the number of carcinoma cells immunohistochemically positive for AR in any one case exceeded those which were positive for ER. However, the semi-quantitative analysis of immunohistochemistry did preclude us from being able to state conclusively that AR was expressed at greater levels than ERα. It was also possible to detect the cases in which AR immunoreactivity was weaker or absent while ER immunoreactivity present, although less frequent.

Protein-Pathway Activation Mapping Shows Inhibition of Oncogenic and Induction of Tumor-Suppressor Protein Phosphorylation by Enobosarm {#sec2.11}
---------------------------------------------------------------------------------------------------------------------------------------

To determine the effect of enobosarm on protein signaling, we performed RPPA-based analysis in HCI-13 tumors treated with vehicle or enobosarm to measure the phosphorylation and total levels of protein in key signaling pathways known to be involved in tumorigenesis and metastatic progression. Enobosarm inhibited the phosphorylation of various oncogenic proteins such as pERK, PKC ʐ, RSK3, Ezrin, BCL2, ELF4G, and ER ([Figure S10](#mmc1){ref-type="supplementary-material"}). Enobosarm also inhibited the expression of proliferation marker Ki67. Alternatively, enobosarm increased the phosphorylation of tumor suppressor proteins such as p53, p27, and ACC. AR phosphorylation was also increased in enobosarm-treated samples. Enobosarm also increased the phosphorylation of STAT5, which could be a tumor suppressor or an oncogene depending on the context ([Figure S10](#mmc1){ref-type="supplementary-material"}). These results demonstrate that activating the AR with an agonist promotes the alteration of appropriate pathways that facilitate tumor growth inhibition. These results were confirmed using Western blots for phospho Ser^81^ AR and phospho Ser^118^ ER ([Figure S10](#mmc1){ref-type="supplementary-material"} lower blots).

Discussion {#sec3}
==========

Although breast cancer was often successfully treated with steroidal androgens until the development of ER-targeted therapies, unwanted virilizing effects have limited their clinical use. SARMs that tissue-selectively activate the AR are currently being developed for multiple indications, including muscle wasting, osteoporosis, muscular dystrophy, breast cancer, and urinary incontinence. Enobosarm, which has been tested in the clinic ([@bib15], [@bib23]), has demonstrated pharmacologic effects consistent with selective AR targeting. In clinical trials, enobosarm increased lean body mass by more than a kilogram and performance of various muscles ([@bib23]) and has not shown virilizing effects at the 3 mg dose. In addition, enobosarm treatment has demonstrated clinical benefit in women with ER-positive breast cancer who previously responded to hormonal therapies (San Antonio breast cancer symposium, 2015) ([@bib55]). Women who were extensively treated with ER-targeted therapies could be benefited by these secondary bone and muscle building effects of AR agonists such as the SARMs.

The results obtained in this study are encouraging. A tumor (HCI-13) that relapsed and continued to grow in the presence of a range of therapeutics was inhibited by AR agonists. This result and the result from *ex vivo* studies support the use of AR agonists even after the tumors relapse from other treatment options. The mutation represented in HCI-13, Y537S, is one of the common mutants found in the clinic ([@bib40]).

The unique property of inhibiting the ER function by activating the AR demonstrates the complex interaction between various nuclear receptors and their associated proteins. The microarray results indicate that the inhibition of ER pathway by an AR agonist could provide greater benefit to patients in whom the oncogenic pathway is constitutively active. This beneficial effect is further enhanced by the increase in the phosphorylation of various tumor suppressors and inhibition of the phosphorylation of oncogenes.

The ChIP-Seq results suggest that the AR, ER, and FOXA1 colocalized in the presence of AR agonist and shift from ER cistrome to AR cistrome. As FOXA1 pioneering transcription factor is important for the function of both AR and ER and has overlapping binding sites with ARE and ERE ([@bib10], [@bib77]), it is possible that the activated AR might sequester FOXA1 from the FOXA1REs adjacent to the EREs to open up the nucleosome and facilitate its binding to ARE. Based on these results, we propose a model ([Figure 8](#fig8){ref-type="fig"}) wherein the absence of androgen or estrogen, the DNA is in a condensed conformation where the EREs, AREs, and FOXA1REs are unbound. FOXA1 occupies FOXA1REs in the absence of estrogens or androgens, and upon estradiol exposure, FOXA1 opens the chromatin and binds to its response elements adjacent to the EREs. This facilitates the ER to bind to its response elements and promote the transcription of the target genes. While this is ongoing, AR is not bound to AREs. However, when an AR agonist binds to the AR, it changes conformation and proceeds to bind to AREs that may or may not be near pre-existing FOXA1 sites. Strikingly, ER binding is significantly reduced at its original sites and is significantly gained at new sites highly overlapping with the AR gained sites. The mechanism for this reprogramming is not clear at the molecular level, but likely involves FOXA1, which is lost at many of the original ER-binding sites and gained at many of the new AR-binding sites and so might be due to squelching. Future studies will need to determine whether the ER\'s interaction with AREs is due to a complex formed with AR or through FOXA1. The stoichiometry and interaction sites of ER and AR in these AR agonist-induced complexes also remains uncertain as is the role that squelching of FOXA1 or other co-factors may play in this nuclear hormone receptor reprogramming.Figure 8Model Depicting the Regulation of ER Function by AR LigandsThe model shows the redistribution of transcription factors AR, ER, and FOXA1 when AR is activated by an agonist. AR, androgen receptor; ER, estrogen receptor; ARE, androgen response element; ERE, estrogen response element; FOXA1RE, FOXA1 response element.

Clinical trial results with enobosarm (presented in San Antonio Breast Cancer Symposium in 2015 and 2016) already demonstrated a favorable outcome in patients who have relapsed from hormonal therapies. Twenty-two patients with breast cancer were treated with 9 mg of enobosarm. Of the 17 AR-positive patients, 35.3% achieved clinical benefit after six months of treatment with 9 mg enobosarm administered once daily. These results will be published in the future.

Overall, these mechanism-based preclinical and translational studies support the use of an AR agonist to treat refractory hormone receptor-positive breast cancer. Various advantages that an AR agonist will confer include tumor growth inhibition, muscle mass increase, increase in bone mass, better cognition, improvement in sexual function, and reduction in the incidence of urinary incontinence ([@bib32], [@bib41], [@bib60], [@bib61]). Tissue-selective AR agonism might offer an alternative hormonal approach for hormone receptor-positive breast cancers.

Limitations of the Study {#sec3.1}
------------------------

Although the results support the mechanism of action and the tumor suppressive role of AR in ER-positive breast cancer, we recognize several limitations in this work. First, the ChIP-Seq and mechanistic studies were conducted in one PDX and with one SARM. Future studies need to be conducted in multiple ER-positive PDXs using different AR agonists to validate the findings. Secondly, because the concept was tested in one wild-type ER-positive and one mutant ER-positive PDX, the results need to be validated in additional PDXs of each type. Other ER-LBD mutants need to be included in such studies to deduce a comprehensive conclusion. Finally, the role of AR antagonists needs to be evaluated in detail using PDX models to understand why under certain conditions, especially in cellular models, they inhibit ER-positive breast cancer growth.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

Accession number for the sequencing data from public deposition is GSE128018. Microarray data was deposited in GEO and the accession number is GSE126318.
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Document S1. Transparent Methods, Figures S1--S10, and Table S1Table S2. Antibodies Used in Phosphoproteomics Study, Related to Figure 1Table S3. List of Tumor AR Binding Sites from Reposited Databases, Related to Figure 4
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